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Physics, Rice University, Houston TexasABSTRACT Despite significant fluctuation under thermal noise, biological machines in cells perform their tasks with exquisite
precision. Using molecular simulation of a coarse-grained model and theoretical arguments, we envisaged how kinesin, a proto-
type of biological machines, generates force and regulates its dynamics to sustain persistent motor action. A structure-based
model, which can be versatile in adapting its structure to external stresses while maintaining its native fold, was employed to
account for several features of kinesin dynamics along the biochemical cycle. This analysis complements our current under-
standings of kinesin dynamics and connections to experiments. We propose a thermodynamic cycle for kinesin that emphasizes
the mechanical and regulatory role of the neck linker and clarify issues related to the motor directionality, and the difference
between the external stalling force and the internal tension responsible for the head-head coordination. The comparison
between the thermodynamic cycle of kinesin and macroscopic heat engines highlights the importance of structural change
as the source of work production in biomolecular machines.INTRODUCTIONIn recent years, technological advances have revolutionized
our understanding of biological systems by providing un-
precedented views of biomolecular dynamics at the single
molecule level, bringing into reality what Feynman envi-
sioned on nanotechnology 50 years ago (1). The scenery
inside the cell unveiled by nanodevices displays beautiful
tempo-spatial organization. Among a host of macromole-
cules that constitute the cell, of particular interest are
specialized enzymes, namely biological motors that convert
chemical energy stored in substrate molecules into mechan-
ical work (2). From transport motors that move along
cytoskeletal filaments (kinesin, dynein, myosin) (3,4) to
the sophisticated protein production machinery (ribosome)
(5,6), biological motors play vital roles in controlling
cellular functions, such as gene expression, intra- and inter-
cellular trafficking, cell motility, and mitosis (7). A mal-
function in these motors can cause detrimental effects in
the cell. In the highly dissipative nanoscale environment
that immediately randomizes any ballistic motion, it is
amazing to see how these evolutionally tailored molecules
carry out biological functions with exquisite precision. Elu-
cidating physical principles that bring molecular machines
into action is one of the most challenging problems in
modern biology.
Despite notable progress made in current nanotech-
nology, a precise vision on biological motors still remains
elusive due to ineluctable thermal noise in nanoscopic mea-
surements. The questions begged from experiments demand
additional details of the structures and dynamics of mole-
cules (8,9), which require greater spatial, temporal resolu-
tions and better control than current techniques can provideSubmitted June 21, 2011, and accepted for publication October 31, 2011.
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0006-3495/11/12/2749/11 $2.00(10). To this end, simulations using molecular models of bio-
logical motors (11–18) can supplement the current experi-
mental findings and make insightful predictions amenable
to future experimental investigations.
In the study of biological motors, however, computational
approach using molecular simulations has been relatively
rare compared with other areas focusing on folding dyn-
amics of small-sized proteins. This is partly because the
typical size and timescale associated with biological motors
are far greater than usual computational approaches have
dealt with. Nevertheless, biomolecular dynamics have a hier-
archical structure in terms of their timescale, characterized
with a large timescale separation between atom (~fs), resi-
dues (~ps), and domain motions (Tmsms). To study the
dynamics associated with a particular range of timescale,
faster degrees of freedom can be renormalized into an effec-
tive degree of freedom. As long as the topological feature
characterizing molecular structures are unchanged, coarse-
graining the atomistic details does not essentially alter the
global motion responsible for biological function. Thus,
the biology can employ the strategy of condensed matter
physics that simplifies the phenomenon of interest based
on its timescale, and relevant degrees of freedom (19,20)
can be applied to the biology. Together with the current tech-
nical advances in single molecule measurements on diverse
biological motor systems, dynamics generated from coarse-
grained representation of motors allow one to grasp the gist
of design principle under which each biological motor
performs its biological function. In this perspective, recent
efforts made in studying the dynamics of various bio-
logical motors using coarse-grained models (11–18) are
quite promising.
Physical conditions that govern the dynamics of objects
in the nanoscopic to microscopic world are fundamentally
different from those for the macroscopic objects (seedoi: 10.1016/j.bpj.2011.10.037
2750 Hyeon and OnuchicSupporting Material text and Fig. S1 in the Supporting
Material). To this end, the conceptual framework developed
from the theory of protein folding (21–24) and polymer
physics (25), which handle the complex dynamics of chain
molecules over multiscale, is of great use to decipher the
design principles of biological motors. Here, we will discuss
the dynamics of kinesin by comparing our insight gained
from a structure-based coarse-grained model of kinesin
with the experimental findings in each stage of the biochem-
ical cycle. Finally, we will construct a thermodynamic cycle
of kinesin using the neck linker (NL), a key mechanical
element responsible for work generation, and highlight the
importance of structural change in producing net mechan-
ical work per cycle and in the regulation.GENERAL OVERVIEW: BIOCHEMICAL STATES
OF KINESIN
Kinesin-1 (hereafter kinesin) transports cellular organelles
along thenetworkof cytoskeletal filaments andplays a central
role in spatially organizing the cellular environment. Two
identical motor domains, linked via coiled-coil stalk, alter-
nately exploit the free energy generated fromATPmolecules
to produce characteristic 8-nm steps. Single molecule exper-
iments have revealed that at the physiological condition,
kinesins can processively travel ~100 steps in a hand-over-
hand fashion at a velocity of vz1 mm / s (26–28).
Recently, a growing number of kinesin structures, with
various ligand states, have shed light on more detailed mech-
anisms of howkinesins function.A series of crystal structures
suggest how kinesins adapt their conformation to varying
nucleotide (NT) states via /[f /ATP/ADP$Pi/
ADP]/ (Fig. S2). It is currently surmised that the local
conformational changes due to the NT chemistry are ampli-
fied via the switch II helix (a4) to regulate i), the NL confor-
mation and ii), the binding affinity to microtubules (MTs)
(29). For kinesin-1, the states of NL and MT affinity are the
two major components that determine the logic of biochem-
ical cycle. Depending on the NT state, the NL is in either
ordered (zippered) or disordered (unzippered) state; the
binding affinity of kinesin head domain to MTs is either
strong or weak. The relationship between these two binary
switches in a single head, summarized in Table 1 (see also
Fig. S2, b and c), forms a basic logic for the kinesin dynamics.
The four different NT states (f, ATP, ADP$Pi, ADP) at
the catalytic site enable one to assign, in principle, 16 dif-
ferent states to the kinesin dimer; however, most of theTABLE 1 NT state-dependent configuration of a kinesin
monomer
NL state (40) Affinity to MTs (31)
K$f Disordered (off) Strong (Kd ~ nM)
K$ATP Ordered (on) Strong
K$ADP$Pi Ordered (on) Strong
K$ADP Disordered (off) Weak (Kd ~ mM))
Biophysical Journal 101(11) 2749–2759possible dimer states has to be excluded. First, the ADP-
ADP state (the notation (NT)L-(NT)R represents the NT
state of trailing and leading head from left to right and we
assume kinesins move from left (– end) to right (þ end).
Below, we omit ð/ÞL  ð/ÞR in the notations), correspond-
ing to the weak-weak MT binding state, should be excluded
because at least one of the heads should hold MTs tightly
to remain on the MT track. Second, due to the topological
constraint imposed by the NL zipper in the leading head
(Fig. S2 c), the NL of the leading head cannot be in an
ordered state, which prohibits the f -ATP, ATP-ATP, and
ADP-ATP (or f -ADP$Pi, ATP-ADP$Pi, and ADP-ADP$Pi)
states from the possible dimer states. f -ADP and f - f
states are also unlikely to exist because the time spent
for ATP to dissociate from the trailing head (ATP/
ADP$Pi/ADP/f) (> 1 s (30)) is longer than the time-
scale associated with ADP dissociation from the leading
head ( 10 ms (30)). Therefore, only four states (ATP-ADP,
ATP- f, ADP$Pi-f, and ADP-f) are permissible out of the
16 states. The conventionally accepted kinesin cycle is sche-
matized in Fig. 1 (31–33).
To sustain a constant material flux along the biochemical
cycle, kinesins need a continuous supply of ATP (source)
and removal of ADP and Pi (sink) (see Supporting Material
text for the discussion on nonequilibrium steady-state ther-
modynamics). In the kinesin cycle depicted in Fig. 1, ATP
binding induced stepping ([ADP-f]i1/[ATP-ADP]i) is
the only mechanical motion (yellow arrows in Fig. 1) that
can be detected with single molecule measurements (inset
of Fig. 1). All other steps (purple arrows in Fig. 1) are asso-
ciated with internal chemistry. In contrast to the common
notion for macroscopic heat engines where heat released
from combustion is directly used to expand the volume of
cylinder and provide the power stroke (see Fig. S1 and
Supporting Material text), the heat released from the ATP
hydrolysis step in the catalytic site itself is not the main
driving force of the stepping motion. A series of structures
that vary with NT state and biochemical data indicate that
the ATP hydrolysis itself alters neither the NL state nor
the affinity to MT. For kinesins, the free energy released
from the ATP hydrolysis at the catalytic site is estimated
to be relatively small z 4 kBT (34–36). Even though the
free energy change due to ATP hydrolysis in the catalytic
site is small, the irreversibility of the enzymatic cycle set
by the ATP hydrolysis has an important implication for
the robust action of biological motors (37).ATP BINDING-INDUCED CONFORMATIONAL
CHANGE
ATP binding to a catalytic site creates new contacts to the
residues that constitute the catalytic site (DH < 0), and
reduces the local fluctuations (DS< 0). As long as the stabi-
lization free energy (DG¼ DH – TDS) remains negative, the
ATP binding is favored. Previously, using the molecular
FIGURE 1 Biochemical cycle of a kinesin
motor. The state of kinesin changes along the cycle.
The subscript i in the notation [NT-NT]i denotes the
position on MT to which the kinesin binds. In the
diagram the internal conformational states that do
not alter the kinesin position are aligned vertically
with purple arrows, and the step is depicted with
yellow arrows. The inset shows a time trace from
laser optical tweezers measurement.
The Physics of Kinesin Motors 2751simulation we have shown for the catalytic domain of protein
kinase A that local compaction of ligand binding pocket
upon ATP binding induces a global open-to-closed transition
(38). For kinesin, despite the presence of a number of high-
resolution cryo-electron microscopy or crystal structure data
(29,39), it is still an open question how explicitly the intra-
molecular signal transduction leads to the disorder-order
transition in the NL. Nevertheless, the difference in the
contact maps before and after the formation of NL zipper
(Fig. 2 a) can be used to calculate the folding landscape of
kinesin for each case. From the perspective of energy land-
scape, visualized in terms of the centroid of tethered head
whose motion is constrained by the NL (see Fig. 2 b) (14),
it could be argued that ATP binding reshapes the energy
landscape from the disordered state (Fdisorderðf r/gÞ) to the
ordered state (Forderðf r/gÞ), and gives rise to a conforma-
tional force ( f
/
conf ðf r
/gÞ ¼ V
/
Fðf r/gÞ), which can be in-
terpreted as the power stroke. The NL zipper formed in the
MT-bound head biases the diffusive motion of the tethered
head toward the (þ)-end direction, which has also been
termed the NL docking model (40).
One well-known objection to the NL docking model as
a driving force for the kinesin step is that the free energy
gain calculated from electron paramagnetic resonance mea-
surement DGdockz 1:2 kBT (9,41,42), is energetically
insufficient to drive the kinesin step. However, as will be
discussed in the next section, the energetic contribution of
the NL docking (or power stroke) to the stepping motionneeds not necessarily be large as long as the NL zippered
state can provide enough anisotropic bias, so that the teth-
ered head can reach the next MT binding site through the
diffusive search. Interestingly, recent single molecule exper-
iments and computation have suggested that a structural
motif called cover-neck bundle (see Fig. 2 a) can guide
the early stage of the NL docking dynamics (43,44). In addi-
tion, a simple back-of-envelope calculation using available
thermodynamic/kinetic data provides a much greater esti-
mate of the net stability difference involving the step from
[ADP-f]i1 to [ATP-ADP]i as DGstepzð10  12Þ kBT
(35,36,45) for quasistatic processes, which agrees with the
work required to stall the kinesin motion W ¼ (6 – 7)
pN  8 nm z 12 kBT. DGstep. This is expected to consist
of DGdock and other free energy contributions due to the
interaction between the ADP containing tethered kinesin
head and MT surface. In fact, how tightly or loosely the
free energy of molecular fuel is coupled to the functional
motion is the key question that has been asked for many
different motors (46). Similarly, contrasting the mechanism
of power stroke (or conformational change) with Brownian
ratchet (or diffusive motion) may be a useful way to dissect
the role of energetics and flexibility of molecular machines
in performing their functional motion.STEPPING DYNAMICS
The stepping motion in search of the next MT binding site is
the most dramatic and functionally important step in theBiophysical Journal 101(11) 2749–2759
FIGURE 2 Stepping dynamics of kinesin. (a)
Difference of contact maps calculated with ordered
and disordered NL reveals the contacts involving
the NL docking and cover-neck bundle. Red arrows
indicate the NL zipper contacts on the contact
map and in the kinesin structure. Yellow arrows
show the location of cover-neck bundle, where the
N-terminal part of NL is sandwiched between two
chain segments (residues 2–8 and 289–296). (b)
Potential of mean force of the tethered head on
the MT surface computed for disordered (left) and
ordered NL (right) of the MT-bound head. (c) The
average time traces from the Brownian dynamics
simulation of a quasiparticle with varying tP (panel
on the left) are compared with the average time
tracesmeasured using optical tweezers byYanagida
and co-workers (three panels on the right) (27). In
(27), the individual single molecule time traces
were partitioned into three groups depending on
the stepping time i), t < 50 ms, ii), 50 ms < t <
100 ms, iii), t> 100 ms) and averaged in each group.
The panels on the right are adapted from (27).
2752 Hyeon and Onuchickinesin cycle. Nevertheless, because the timescale associ-
ated with this motion (~ (10 –100) msec) is transient com-
pared with that of the entire cycle (> 10 ms), details of
the dynamics has been elusive and under intensive debate
(9,27,47,48). The simple looking jump from one binding
site to another, in fact, contains many complicated dynamics
at molecular level: i), The NL restrains the dynamics of the
tethered head. ii), Depending on the NT state, the NL
conformation is either in disordered or ordered state, which
influences the range of space for the tethered head to
explore. The disorder-order transition of the NL in the
MT-bound head can rectify the diffusive motion of tethered
head toward the next MT binding site. iii), MTs provide
multiple binding sites for kinesins. Given the microscopic
constraints and dynamics described previously, what is the
dynamical or structural origin of substeps observed in
some of the experiments (27,47)? To what portion of entireBiophysical Journal 101(11) 2749–2759stepping motion is contributed by the motion due to NL
docking and diffusive search?
Probing the stepping dynamics at molecular detail is even
now an extremely demanding task because of the limited
spatial and temporal resolutions of the current instrumenta-
tion (9,27,47,48). Therefore, a molecular model is of great
help to study this particular problem (14). Kinesin models
of ordered and disordered NL, created by adjusting the
strength of the NL native contacts (Fig. 2 a), were used to
calculate the potentials of mean force and to visualize
how the formation of NL zipper changes the search space
for the tethered head. Under the disordered NL, the tethered
head spans the broad area around the sideway binding site (c
in Fig. 2 b), but cannot reach the next target binding site (e in
Fig. 2 b). When the NL is in the docked state, the search
space is confined preferentially to the forward direction rela-
tive to the MT-bound head, guiding the tethered head to the
The Physics of Kinesin Motors 2753target binding site. A theoretical consideration based on two
competing timescales can be proposed; if the disorder-order
NL docking transition is slower than the timescale associ-
ated with exploring the MT surface, so that the tethered
head can fully explore the MT surface while the NL is still
in the disordered state, then the sideway binding site (c in
Fig. 2 b) can transiently trap the swinging tethered head;
and consequently a substep emerges in the averaged time
trace. The above scenario of sideway binding during the
stepping can be simulated using the dynamics of a quasipar-
ticle on a time-dependent free energy surface
Fð r/; tÞ=kBT ¼ log

t
tp

 eF0ð r/Þ=kBT
þ

1 t
tp

 eF1ð r/Þ=kBT

for t%tp and Fð r/; tÞ ¼ F1ð r/Þ for t> tp. This combines the
potentials of mean force at the two extreme cases;
F0ð r/Þ under disordered NL and F1ð r/Þ under ordered NL.
Here, tp is a parameter for the duration of NL docking
transition. For a quasiparticle representing the centroid of
tethered head with a diffusion constant D ¼ 0.2 mm2/s, the
averaged time traces exhibit the signature of a substep
when tp is greater thanz 20ms (Fig. 2 c left), which is similar
to the one observed by Yanagida and co-workers (27) (see
Fig. 2 c right). Our theoretical study using a multiscale
simulation method suggests that the ratio between the time-
scale of NL zipper dynamics and the exploration time onMT
surface determines the detailed pattern of the stepping (14).
Interestingly, the recent experiment by Yildiz et al.
(49) for wild-type kinesin using a quantum dot labeling dis-
playedz 13% of 6-nm displacement, which is likely to be
the signature of sideway steps to the neighboring protofila-
ment. Given the longstanding debate on the existence of
kinesin substep (9,27,47,48), reinvestigating kinesin time
traces using an instrument with improved temporal and
spatial resolution would be of great interest.FACTORS DETERMINING MOTOR
DIRECTIONALITY
Despite a remarkable similarity among the head domain
structures from z 50 different kinesins belonging to the
same family, the functions of kinesins are diverse; kinesin-
1 moves toward (þ)-end, kinesin-14 (C-terminal motor)
moves toward (–)-end, kinesin-3 (KIF1A) undergoes diffu-
sive motion along MTs (50), and kinesin-13 quickly diffuses
along MTs to reach the ends to depolymerize tubulins (51).
Given the structures of a motor with varying NT states and
motor track, what determines the directionality of the motor?
Brownian ratchet models suggest three basic conditions for
the unidirectional motion: i), asymmetric potential, ii),
thermal fluctuation, and iii), athermal fluctuation (flashing
ratchet or fluctuating potential) (52).In kinesins, these three conditions are realized through
the interplay of several factors. First, the interaction of kine-
sins in ADP-ADP state with MTs results in dissociation of
an ADP from one of the two heads, breaking the symmetry
of NT state of the two heads. Throughout the entire cycle,
NT states remain asymmetric in the two motor heads.
Second, kinesin motor domain binds MT in preferred direc-
tion, so that the NL in ordered state points toward the
(þ)-end of MTs. Third, as clearly demonstrated in Fig. 2 b,
the ordered state of NL restrains the search space of swinging
head toward the (þ)-end direction. Finally, the irreversibility
of ATP hydrolysis sets the arrow of time, breaking the time
reversal symmetry.
Given the thermal and athermal (ATP-cycle) fluctuations
that are provided as a basic driving force for the conforma-
tional change in biological enzymes, the directionality of a
biological motor is determined by the structure and con-
formational dynamics and its specific interaction with cyto-
skeletal filaments and other proteins (53).CONFORMATIONAL FLEXIBILITY: A STRATEGY
TO AVOID HIGH FREE ENERGY BARRIERS
A stark difference in the dynamics of biological motors from
that of macroscopic machines is that the intrinsic energy
scale responsible for the biological assembly is comparable
to the thermal energy (see also Supporting Material). It is
well entrenched that free energy gaps between functional
states of biomolecules are marginal (54), thus a biomolecule
can easily adapt its conformation to environmental changes
due to chemical transformation of molecular fuels and ex-
ternal tension. In addition, the flexibility of biomolecules
makes their characteristic dynamics entirely different from
that of a macroscopic system. For instance, binding between
two partner molecules such as enzyme and substrate protein
does not necessitate an absolute geometrical complemen-
tarity (55). As suggested by Koshland, (56) it is more likely
for flexible biomolecules that interactions between bio-
molecules are realized through a mutual adaptation of the
structures.
The mechanisms of partial unfolding/refolding and fly
casting to avoid a large binding free energy barrier have
been theoretically postulated (57–59) and experimentally
implicated (60,61) in binding processes associated with
protein-protein or DNA-protein interaction, and in proteins
with an intrinsically disordered region (62). Our calculation
suggests that kinesins also adopt this strategy to march along
the MT by efficiently identifying the next MT binding site.
Although the transient disruption of local structure may be
difficult to detect, such dynamics could be important if
free energy barrier associated with protein-protein recogni-
tion is too high. Indeed, the simulation of the binding pro-
cess of our kinesin model on MTs showed that the partial
disruption of the internal structure facilitates the binding
dynamics of kinesin (14). The binding events monitoredBiophysical Journal 101(11) 2749–2759
2754 Hyeon and Onuchicby using the native contacts of the kinesin’s MT-binding
motifs (Qp) and the interface contacts between the kinesin
and MT (Qint) show a transient decrease of Qp value before
binding (Fig. 3). The transient partial local unfolding and re-
folding help the kinesin bind the MTs by bypassing a high
free energy barrier.OUT-OF-PHASE HEAD-HEAD COORDINATION
IN THE ENZYMATIC CYCLE
Although biomolecules generally fold to function, inter-
action with other molecules can restrain a part of molecular
structure, deliberately suppressing its ability to fold. Such
a strategy is found in the design principles of biological
motors that consist of multiple domains. In particular,
dimeric kinesin maintains the asymmetrical chemical state
in two motor heads and accomplish processive steps
along MTs.
For kinesins to maintain a high processivity, the enzymatic
cycle of each head is kept out of phase. A quest to under-
standing the molecular origin of the head-head coordination
has been pursued over the last decade. It has been surmised
based on a series of experiments that the tension on NL is
responsible for the out-of-phase coordination between the
two motor domains. Nevertheless, it was not straightfor-
wardly determined whether such coordination is realized
due to the facilitated detachment of trailing head induced
by forward tension (63) or due to the rearward tension-
induced inhibition of ATP binding to the leading head
(33,64). Remarkably, treating the MT surface as a geomet-
rical constraint on which the kinesin dynamics occurs, our
molecular simulation using a Ca-based coarse-grained
model of kinesin suggests that, when both heads of kinesin
are bound to the MT binding site as in ATP-f or ADP$Pi-fFIGURE 3 Facilitation of kinesin binding to MTs through partial unfold-
ing and refolding of MT-binding motifs. Binding process is monitored using
the fraction of native contacts within the MT-binding motifs made of a4,
a5, a6, L12, and b5 (Qp) and the fraction of interfacial contacts between
kinesin and MT binding site (Qint). The inset shows an exemplary trajectory
exhibiting partial local unfolding and refolding of MT-binding motifs
before the binding.
Biophysical Journal 101(11) 2749–2759states, the NL of the leading head that is stretched backward
perturbs the catalytic site of the leading head away from its
native-like configuration, whereas the catalytic site of trail-
ing head remains intact (13). The internal tension (fint) ex-
erted through the NL, estimated using the extension of the
NL calculated from the simulation (dx) and the force-exten-
sion relationship of aworm-like chainmodel (fint ¼ kBT=lp
½1=4ð1 dx=LÞ2  1=4þ dx=L), is 8 – 15 pN depending on
the lp value assigned (13). The structure-function relation-
ship implies that the deformation of catalytic site results in
the loss of ATP binding affinity to the catalytic site, thus in-
hibiting the premature binding of ATP. Such an ATP inhibi-
tion state is maintained as long as the two heads remain
bound to MTs. The deformed leading head catalytic site is
restored only after the Pi is released to change the trailing
kinesin head from a strong to weak affinity state with respect
to MTs. In addition to the inhibition of ATP binding, the
disruption of the catalytic site in the leading head regulates
the off-rate of ADP (kADPoff ), which was also discussed by
Uemura et al. (64). Note that kADPoff ¼ 75 100 s1 (30),
300 s1 (65) in the leading head but kADPoff ¼ 1 s1 in the
trailing head. The asymmetric strain-induced regulation
mechanism (33,64), the molecular origin of the head-head
coordination, and processivity unique to the kinesin-1, is
the consequence of the interplay between several topological
constraints imposed on kinesin/MT complex structure. By
explicitly showing the perturbed configuration at the cata-
lytic site of the leading head (Fig. 4), our computational
study using the simple structure-based model supports the
experimental proposal of the rearward strain regulation
mechanism between the two motor heads (13,33,49,64,66).DIAGRAM OF INTERNAL TENSION VERSUS
EXTENSION CURVE FOR THE NECK LINKER
In contrast to the thermodynamic conditions imposed on
macroscopic engines, molecular motors operate under iso-
thermal and highly dissipative environments; thus, a thermo-
dynamic cycle with two distinct isotherms as in the Carnot
engine is not applicable for biological motors (Fig. S1).
Instead, conformational changes of internal structure can
be linked to the thermodynamic cycle. As a simple example,
the thermodynamics of the optomechanical coupling in
polyazopeptide (67) is best described in terms of two ther-
modynamically conjugate variables, force (f) and exten-
sion (x) (Fig. 5 a). Photon absorption/emission transforms
the polymeric property of polyazopeptide, the persistence
length (lp) and contour length (Lc), via cis4trans confor-
mational change. The two distinct force-extension curves
with different lp and Lc, corresponding to the distinct confor-
mational states of polyazopeptide, are analogous to the two
isotherms in the Carnot cycle. The area enclosed by the
optomechanical cycle is the maximal mechanical work
that the polymer engine can extract from the photon energy
when the polymer is stretched and relaxed quasistatically.
ab
FIGURE 4 Internal tension regulated inhibition
of ATP binding to the leading kinesin head. (a)
For the two head-bound kinesin, the internal ten-
sion (fint) built on the NL of the leading head
disrupts the catalytic site and inhibits the prema-
ture binding of ATP, whereas the trailing head
configuration is close to the native state, which
is shown on the right for comparison. Ca-root
mean-square deviation of head domain excluding
a6 helix (residues 2–315) is 1.8 A˚ for trailing
head and 3.8 A˚ for leading head. (b) fint value
can be estimated by using force-extension relation
of the worm-like chain model. The extension of the
NL in the leading head (dx) is z 3.1 5 0.8 nm
(distribution on the left panel). When Lc ¼ 15 aa 
0.38 nm/aaz 5.7 nm and lp ¼ 0.5 – 1.0 nm with
dx ¼ 3.1 nm are used, one can estimate the internal
tension, fintz 7.5 – 12.5 pN (right panel).
The Physics of Kinesin Motors 2755Biological machines adopt a similar strategy as the polyazo-
peptide by changing molecular conformations in response to
the interactions with molecular fuels. In analogy to poly-
azopeptide whose mechanical property and conforma-
tional change are used to generate work, it is essential to
identify relevant structural elements, responsible for internal
mechanics, from its complicated architecture, to understand
the work generating mechanism of each biological motor.
For kinesin, as suggested in the previous sections, the NL
is one of the key structural elements responsible for both the
stepping dynamics and head-head regulation. Along the
biochemical cycle, the change in motor head affinity to
MTs as well as the disorder-order transition of the NL alters
the polymer property of NL. By assuming that NL, a 15
amino acid polypeptide segment, is well described using a
worm-like chain model (see, however, (68)), we propose a
diagram in Fig. 5 b that depicts the magnitude of an internal
tension (fint) built on one of the NLs (NL of red motor head)
versus its extension (dx) with its direction (dx > 0 for
forward and dx < 0 for backward extension) for the full
cycle. The diagram of thermodynamic cycle, built bytracking the state of NL along the biochemical cycle of
kinesin, provides an integrated view of how the extension/
release and conformational change of NL lead to generate
work and regulate the head-head coordination.
In (i)/(ii), the NL changes both the length and direction
upon docking transition. In this step the residue 326 binds
b10 to form a b-sheet, leaving only two residues at the
C-terminal of the NL. As a result, the contour length of
the NL (Lc) decreases from Lc z 5.7 to z1.0 nm. The Lc
z 1.0 nm is maintained until Pi is released from the trailing
(red) head at the state (v). After an ADP released at (ii)/
(iii), the leading (blue) head strongly binds the MT. In
(iii)/(iv)/(v), Pi release from the trailing head is fol-
lowed by the order-disorder transition in the NL, which
restores the contour length into Lc ¼ 5.7 nm. If (v)/(vi)
step were to occur quasistatically, force mechanics of the
NL would follow the line of the force-extension curve.
Along (vi)/(vii)/(viii)/(i), the value of Lc does not
change but because the binding affinity of the trailing
(blue) head is altered, the fint built on the NL is expected
to vary.Biophysical Journal 101(11) 2749–2759
FIGURE 5 (a) Molecular motor devised by using optomechanical cycle of polyazopeptide that undergoes cis4trans transition upon photon absorption/
emission. The figure is adapted from (67). (b) The mechanochemical cycle of kinesins and the force versus extension curves (FECs) for the NL of red motor
domain. There are three FECs; two for the unzippered NL (cyan) and one for the zippered NL (purple). Each stage of kinesin cycle is marked with the yellow
circles on the FECs indexed from (i) to (viii).
2756 Hyeon and OnuchicThe thermodynamic cycle of kinesin by focusing on the
force extension property of one of the NLs (Fig. 5 b) makes
a few interesting points. First, the fint would be greatest
when the two motor heads are simultaneously bound to the
MT. By assuming lp ¼ 0.6 nm for the NL, the fint for the
two-head bound (2HB) state (see the section discussing
the nature of ATP-wait state in Supporting Material) is ex-
pected to be f 2HBint z11 pN. It is of particular note that the
estimated value of f 2HBint z11 pN should not be confusedBiophysical Journal 101(11) 2749–2759with the value of force (fstallz6 7 pN) externally applied
through the coiled-coil stalk that can stall the kinesin motion
(49).While fstall interferes with the step (i)/(ii) or (v)/(vi)
by preventing the NL zipper process, the f 2HBint on the NL is
used to regulate the head-head coordination. In addition,
the diagram suggests that f 2HBint >fstall. Second, the diagram
of thermodynamic cycle succinctly indicates the origin of
symmetry breaking, which gives rise to the motor direction-
ality. The finite area enclosed by force extension curves is
The Physics of Kinesin Motors 2757formed along the process from (i) to (vi) while the process
involving (vi)/(vii)/(viii)/(i) creates no work. Among
the series of different kinesin configurations, the work gener-
ating conformational change of NL occurs while the motor
head is mostly in the trailing position (dx> 0) and its config-
uration is sequentially altered from ATP state to ADP state
(see the red head in Fig. 5 b). Third, during the process of
conformational change in red head spanning the half-cycle,
the partner (blue) head is mostly in NT free state, waiting
for the enzymatic cycle of the red head to be completed. It
is noteworthy that although the process (vi)/(vii)/
(viii)/(i) creates no work, during which the NL of the red
head points the rearward direction (dx < 0), the fint whose
value changes between fstall and f
2HB
int is used to inhibit the
ATP binding, which recapitulates the origin of head-head
coordination.
The thermodynamic cycle for the NL of kinesin (Fig. 5 b),
similar to the optomechanical cycle of polyazopeptide
(Fig. 5 a), highlights the NL as a key structural element of
work generation and regulation in kinesin dynamics.CONCLUDING REMARKS
In this work, using coarse-grained molecular simulations
and theoretical considerations based on the theories of
protein folding and polymer dynamics, we presented our
perspective on how the kinesin, under significant thermal
fluctuation, orchestrates its structure, conformational dyn-
amics, and interaction with NT and MTs to constitute
the characteristic biochemical cycle. We adopted into our
coarse-grained model the hypothesis of structure-function
relationship (69) from the study of protein function and its
extension to protein-protein and protein-ligand interactions,
and tried to address several key issues in the kinesin
dynamics. Although a series of rate constants that constitute
the enzymatic cycle may allow us to formally explain the
behavior of kinesin motor as a function of external force
or concentration of ATP (70), the chemical specificity of
the motor itself, encoded in the microscopic rate constant
and affinity to the MT, is determined by the structural details
at each stage of the cycle. It is impressive to see a number of
recent experimental efforts to engineer the chemical speci-
ficity of kinesin by altering various structural elements,
which includes changing the length of NL (49,71,72), mu-
tating the amino acid at the neck region (73), and remov-
ing the negatively charged C-terminal region of tubulin
(E-hook) (74,75). The mechanical notions we tried to
employ with our computational model in this work such as
stress, strain, deformation, tension, persistence length should
be useful to clarify why the microscopic rate constant or
affinity has that particular value and provide a better idea
to understand and engineer the dynamics of biological
motors.
Finally, the notion of motor efficiency is worth men-
tioning. Although the literature often discusses the unusuallyhigh thermodynamic efficiency of biological motors (76,77),
the thermodynamic efficiency itself may not be such a rele-
vant measure to understand the principles of biological
motors in the cell where the amount of molecular fuels are
buffered by the cellular metabolism. Depending on the func-
tional goal of a biological motor, the optimization criteria
may vary (78). Analysis of the energy balance of kinesins
(35) indicates that at the physiological condition, 60% of
the free energy stored in ATP is expended upon ATP binding
to induce the conformational changes directly linked to the
stepping dynamics; the remaining 40% of free energy due
to the sequence of processes followed by ATP binding is
partitioned into severalmicroscopic steps that do not produce
any work (36). As discussed throughout the work, the non-
work producing steps, depicted with purple arrows in Fig. 1
or the processes corresponding to (vi)/(vii)/(viii)/(i)
in Fig. 5 b, are responsible for regulating the MT affinity of
kinesin motor domain, the configurational state of NL, and
the NT state of partner head through head-head coordination.
Similar to the concept of kinetic proofreading to increase the
fidelity of biological processes (37), the series of nonwork
producing steps, which otherwise appear to be aimless side
reactions, are essential for kinesins to have the persistent
motor function. To regulate the molecular configurations
under excessive thermal noise, biological motors reserve
a substantial amount of free energy. Understanding themech-
anism of allosteric regulation at the microscopic level would
be one of the important topics to explore in the study of
biological motors.SUPPORTING MATERIAL
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